Replication stress is a major source of DNA damage and an important driver of cancer development. Replication intermediates that occur upon mild forms of replication stress frequently escape cell cycle checkpoints and can be transmitted through mitosis into the next cell cycle. The consequences of such inherited DNA lesions for cell fate and survival are poorly understood. By using time-lapse microscopy and quantitative image-based cytometry to simultaneously monitor inherited DNA lesions marked by the genome caretaker protein 53BP1 and cell cycle progression, we show that inheritance of 53BP1-marked lesions from the previous S-phase is associated with a prolonged G1 duration in the next cell cycle. These results suggest that cell-to-cell variation in S-phase commitment is determined, at least partially, by the amount of replication-born inherited DNA damage in individual cells. We further show that loss of the tumor suppressor protein p53 overrides replication stress-induced G1 prolongation and allows Sphase entry with excessive amounts of inherited DNA lesions. Thus, replication stress and p53 loss may synergize during cancer development by promoting cell cycle re-entry with unrepaired mutagenic DNA lesions originating from the previous cell cycle.
Introduction
Replication stress promotes genome instability and is considered as a hallmark of many cancers. 14, 16, 27 Replication stress comprises a multitude of cellular conditions in which the DNA replication program is perturbed, and ranges from transient and fully reversible stalling of individual replication forks to fork collapse and fork-associated formation of DSBs. 43 In addition to posing a direct threat to replication fork stability, mild forms of replication stress and natural impediments to replication fork progression challenge the timely completion of DNA replication. This can lead to a situation in which replication intermediates and unreplicated genomic regions escape cell cycle checkpoints and are transmitted to the next phases of the cell cycle. 28 Recent evidence suggests that finishing S-phase with unreplicated DNA and transmitting these unreplicated genomic regions to mitosis is an inherent feature of gigabase-sized genomes with comparably large replicons. 30 This can explain the relatively high frequency of such events in mammalian cells and why dedicated mechanisms have evolved to take care of replication remnants in sub-sequent cell cycle phases. One of these mechanisms involves recently identified replication stress-induced mitotic DNA synthesis (MiDAS). 29 At later stages, in the following G1 phase of the cell cycle, unresolved replication intermediates are found in nuclear sub-compartments characterized by the presence of the genome caretaker protein 53BP1. While under physiological conditions only a subset of G1 cells shows 53BP1 nuclear bodies, mild exogenous replication stress increases the proportion of cells with 53BP1-marked lesions and leads to elevated numbers of 53BP1 nuclear bodies per daughter cell. 20, 26 Previous work has illuminated causes of 53BP1 nuclear body formation in G1 cells, elucidated the upstream signals required for 53BP1 accumulation, and characterized mechanisms of its confinement to damaged chromatin. 4, 34, 39 The consequences of 53BP1-marked inherited DNA lesions for cell fate and survival, however, have remained poorly defined.
Live cell microscopy of individual cells expressing fluorescent cell cycle reporters revealed previously that a bifurcation exists in the decision of cells to enter S-phase: by elaborate single-celltracking experiments in asynchronous cell populations it was shown that two sub-populations emerge as cells exit from mitosis, one with elevated levels of CDK2 activity that rapidly commits to cell cycle progression, and a smaller sub-population with low levels of CDK2 activity that enters a transient state of quiescence. 40 Subsequent work suggested that basal levels of the cell cycle regulator p21 generate this phenotypic heterogeneity, 33 but the underlying reasons for why the majority of cells exits mitosis with low p21 levels and increasing CDK2 activity, while a distinct subset of cells enters G1 with elevated p21 levels and low CDK2 activity had remained obscure.
In light of the close ties between the DNA damage response, checkpoint control and cell cycle commitment, we set out to test the hypothesis that G1 duration and S-phase commitment might be determined by the amount of transmitted replication remnants from the previous cell cycle.
Results
To monitor 53BP1 accumulation at sites of inherited lesions and simultaneously follow cell cycle progression of asynchronous populations, we employed automated microscopy and image-based cell cycle staging (quantitative image-based cytometry, QIBC) as performed previously. 5, 32, 36, 42 Specifically, we quantified 53BP1 foci in large cohorts of asynchronously growing human U-2 OS cells as a function of the cell cycle based on nuclear DNA content measured by DAPI intensity. As expected, we observed 53BP1 foci in a subset of unchallenged cells, primarily in G1 cells characterized by low DAPI intensity (Fig. 1A) . Incubating cells for 24 hours with low doses of aphidicolin (APH) to slow down DNA replication resulted in a marked increase in 53BP1 foci and elevated levels of accumulated focal 53BP1 intensities per nucleus (Fig. 1A and Supplementary Figure S1A ). Extending the low-dose APH treatment to 72 hours augmented this phenotype and resulted in 27 % of cells with 5 or more 53BP1 foci compared to 0.7 % in control cells (Fig. 1B and Supplementary Figure S1B) . Given that the great majority of cells with 53BP1 foci had a low DNA content, this suggested that cells with increased amounts of inherited DNA lesions accumulate in G1. In addition to enhancing 53BP1 foci formation in G1 cells, low dose APH treatment also results in an accumulation of cells in S/G2 by slowing down DNA replication. Therefore, as an alternative means to induce replication stress-associated 53BP1 foci in G1 cells, we targeted the ATR checkpoint kinase, inhibition of which extenuates the G2/M checkpoint and thus facilitates experimental interrogation of consequences of perturbed replication in the next G1 phase. Consistent with previous results using siRNA to deplete ATR from cells, 26 targeting ATR by the small molecule inhibitor AZ-20 (ATRi) for 24 hours resulted in greatly elevated levels of 53BP1 foci in G1 cells (Fig. 1C) . DNA content-based cell cycle profiling confirmed that the increase in inherited 53BP1-marked lesions was associated with an accumulation of cells in G1 (Fig. 1D) , and two-dimensional cell cycle profiling based on DNA content and nuclear levels of Cyclin A corroborated this result (Fig. 1E) . Since dynamic alterations in cell cycle phase durations can be deduced from cell cycle information obtained from fixed cells, 18, 22 our findings indicate that inheriting DNA lesions from the previous cell cycle leads to an extended G1 duration. We obtained very similar results, ATRi-induced 53BP1-marked inherited lesions in G1 cells and a concomitant accumulation of cells in G1, in RPE-1 cells (Supplementary Figures S2A and S2B) . Also HeLa cells showed comparable results, although the G1 accumulation was, most likely due to an impaired p53 response and at least partial abrogation of the G1/S checkpoint in this cancer cell line, 8, 21, 24, 25 less pronounced (Supplementary Figures S2C  and S2D) .
In order to directly measure the cellular commitment to cell cycle progression and S-phase entry, we employed a previously reported G1/S checkpoint assay. 12 In brief, asynchronously growing cells were either left untreated or challenged with ATRi for 24 hours, incubated with EdU for 30 minutes to discriminate cells in S-phase from cells in G1/G2, transition through mitosis was prevented by addition of the microtubuledisrupting drug nocodazole, and S-phase entry of G1 cells was monitored by BrdU incorporation in EdU-negative cells ( Fig. 2A) . In line with our previous conclusions, ATRi greatly reduced entry of G1 cells into S-phase from 72% to 16% (Fig. 2B ). Taken together, these results reveal that elevated levels of inherited DNA lesions upon ATRi are closely associated with reduced S-phase commitment in the next cell cycle.
To follow the fate of individual cells we performed extended time-lapse imaging for up to 72 hours of asynchronous cell populations in unperturbed conditions or in the presence of mild replication stress. We employed a U-2 OS cell line stably expressing GFP-53BP1 in combination with BacMam-mediated expression of an RFP-CDT1 construct from the FUCCI Cell Cycle Sensor System. 38 This allowed us to simultaneously monitor G1 duration (defined as the time from mitotic exit to degradation of the RFP-CDT1 fusion) and the amount of GFP-53BP1-marked inherited lesions. These cell-tracking experiments revealed that increasing amounts of inherited DNA lesions were associated with a prolonged G1 duration (Figs. 3A and 3B; examples from individual cells are shown in Figs. 3C and 3D). Strikingly, these experiments also identified examples of G1 cells with excessive amounts of inherited DNA lesions, which during the course of the experiment did not re-enter the cell cycle (Fig. 3E) . A threshold of inherited DNA lesions thus seems to exist, which is incompatible with further cell cycle commitment. Reassuringly, U-2 OS cells stably expressing both FUCCI constructs, GFP-Geminin and RFP-CDT1, recapitulated these results and confirmed the inability of a sub-set of ATRi-treated cells to enter the next S-phase (Supplementary Figures S3A-S3E ). Similar results were obtained when we employed a low dose of APH to induce mild replication stress (Supplementary Figure S3F) .
Taken together, these findings suggest that inherited DNA lesions, as a natural byproduct of unperturbed proliferation 30 and, in a more severe form, as a consequence of mild replication stress, 20, 26 impact G1 duration in daughter cells and can thereby explain cellular heterogeneity in S-phase commitment. S-phase commitment is controlled by Cyclin/CDK activity, which can be antagonized by the tumor suppressor protein p53 and its downstream effector p21. 9 Since various types of DNA damage are known to induce p53, we aimed to test whether inherited DNA lesions prolong G1 duration in a p53-dependent manner. Due to a gain-of-function mutation of the p53 antagonist and gatekeeper phosphatase Wip1, 23 U-2 OS cells have a dampened but not completely abolished p53 response, 2, 15, 35 and in our experiments clearly accumulated in G1 upon mild replication stress treatments ( Figs. 1 and 2) . Strikingly, depletion of p53 by siRNA (Supplementary Figures  S4A and S4B ) rescued the observed G1 arrest almost completely as revealed by one-and two-dimensional cell cycle profiling (Figs. 4A and 4B) . Importantly, however, loss of p53 did not lead to a reduction in the amount of inherited DNA lesions marked by 53BP1, but instead allowed cells to enter Sphase with elevated levels of unresolved 53BP1-marked lesions (Fig. 4C) . Time-lapse microscopy confirmed that prolonged G1 duration in individual cells upon ATRi is rescued by p53 depletion ( Fig. 4D and Supplementary Figure S4C) . Thus, loss of p53 overrides replication stress-induced G1 prolongation and allows S-phase entry with excessive amounts of 53BP1-marked inherited DNA lesions (Fig. 5) . 
Discussion
The duration of cell cycle phases shows significant cell-to-cell variation, the causes of which are largely unknown. Here, we provide evidence, which suggests that the cellular heterogeneity observed at the level of G1/S transition is not stochastic but instead can be explained by the history of each individual cell and by how faithful and complete DNA replication occurred during the previous S-phase. The time, which a cell spends in G1, is thus determined at least in part by the amount of replication remnants that have been transmitted through mitosis. Similar conclusions were reached recently. 6, 7 Extending G1 duration to deal with inherited DNA lesions could be an important mechanism to avoid S-phase re-entry with an excessive DNA damage load. During cancer development, oncogene-induced replication stress 10, 17, 19 may thus synergize with loss of p53 function to maintain cell cycle commitment in spite of elevated amounts of unresolved replication intermediates and unreplicated DNA sequences transmitted through mitosis. Most p53-related mutations, either in p53 itself or in the pathways signaling to p53, result in functionally impaired p53, which can even exert dominant-negative regulation of remaining wild-type p53. 31 Thus, the spectrum of cancers, in which deregulation of p53 functionally cooperates with replication stress to propagate inherited DNA lesions across multiple cell generations, might be broad. While the fate of inherited DNA lesions and how exactly they are resolved is currently not known, it is likely that committing to cell cycle progression prematurely will lead to an increase in genomic instability. Along these lines, we note that unlike RPE-1 cells, which efficiently prolong their G1 phase when exposed to ATRi, HeLa cells -similar to p53-depleted U-2 OS cells -enter S-phase with significant amounts of unresolved 53BP1-marked lesions (Fig. 4C and Supplementary Figure S2C) . Mild levels of replication stress in a p53-suppressed background may thus, over time and through successive rounds of cell proliferation, lead to damage accumulation and thereby contribute to cancer development (Fig. 5) .
The proposed link between 53BP1-marked inherited DNA lesions and p53-dependent G1 duration seems reminiscent of the 53BP1-p53 cooperation in a different cellular context, namely in response to clastogen-induced DNA double-strand breaks (DSBs). 13 Dissecting the molecular events, which signal from 53BP1-marked inherited lesions to p53, and elucidating whether they are identical to the signals initiated at DSBs, requires further studies. In support of a potential role of DNA damage response kinase activation in this signal transduction, the ATM kinase was previously shown to counteract persistence and transmission of DSBs generated by failed V(D)J recombination in lymphocytes. 11 Interestingly, while in the context of p53-deficient cancer cells DNA damage inheritance and premature cell cycle commitment may exacerbate genome instability and lead to a progressive accumulation of mutations, other highly proliferative cell types such as embryonic stem cells may have evolved specialized mechanisms to deal with inherited DNA lesions without having to extend G1 duration. 1 A promising avenue in personalized cancer therapy is to target cancer cells harboring elevated levels of replication stress with replication and checkpoint inhibitors. 14, 16 The rationale behind is to aggravate replication stress and its adverse effects on genome integrity up to a point where cancer cells can no longer cope with the elevated stress load. One way to reach this point is to exhaust the cellular machinery dealing with replication stress and genome integrity maintenance directly in Sphase. 41 However, not all cancer cells may reach this point of no return and some cells may escape the challenges in S-phase by entering the next cell cycle. In such a scenario, p53 proficiency would generate a selective advantage by extending G1 duration and allowing cells to take care of therapy-induced inherited DNA lesions. In contrast, p53 deficiency would promote entry into the next S-phase with unresolved lesions and provide another chance for S-phase-specific drugs to be effective. Indeed, p53 deficiency was previously shown to confer hyper-sensitivity to ATR inhibition or ATR depletion. 37 Thus, a better understanding of the interplay between replicationborn, inherited lesions marked by 53BP1 and S-phase commitment in the next round of the cell cycle offers an opportunity to define the damage thresholds compatible with sustained proliferation, both in the presence and absence of functional p53. 
Experimental procedures
Cell culture and replication stress treatments Human U-2 OS, HeLa, and hTERT-RPE1 cells as well as U-2 OS cells stably expressing GFP-53BP1 (a kind gift of Jiri Lukas) or the GFP-Geminin/RFP-CDT1 FUCCI constructs (a kind gift of Hisao Masai) were grown under standard cell culture conditions (humidified atmosphere, 5% CO 2 ) in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum (GIBCO) and penicillin-streptomycin antibiotics. All cell lines were routinely tested for potential mycoplasma contamination and scored negatively. APH (Aphidicolin, Sigma) was used at a final concentration of 0.2 mM unless otherwise noted. ATR inhibitor AZ-20 (Tocris) was used at a final concentration of 1 mM.
S-phase entry assay
S-phase entry was measured as described before. 12 For pulsed EdU (5-ethynyl-2 0 -desoxyuridine) incorporation, cells were incubated for 30 minutes in medium containing 10 mM EdU (Thermo Fisher Scientific). Click-iT EdU Alexa Fluor Imaging Kit (Thermo Fisher Scientific) was used for EdU detection. BrdU (5-Bromo-2-Deoxyuridine, Sigma) was used at a final concentration of 10 mM and cells were allowed to incorporate BrdU for 7 hours in the presence of 0.25 ug/ml nocodazole (Sigma).
Transfections
Duplex siRNA transfections were performed for 72 hours with Ambion Silencer Select siRNAs using Lipofectamine RNAi-MAX (Thermo Fisher Scientific). Silencer Select siRNA against p53 (s606) was used at a final concentration of 25 nM. Negative control 1 (4390843) from Ambion served as a non-targeting control siRNA (siCon).
Immunochemical methods
Whole cell extracts were prepared in ice-cold RIPA buffer (50 mM Tris pH 8, 150 mM NaCl, 1% Igepal CA-630, 1% Nadeoxycholic acid, 0.1% SDS) containing 2 mM MgCl 2 and Benzonase (25 units/ml, Novagen) and supplemented with protease and phosphatase inhibitors (Roche). Proteins were resolved by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto polyvinylidene fluoride (PVDF) membranes. Membranes were blocked with PBS-Tween20 (0.01%) containing 5% milk powder for 1 hour at room temperature. Primary antibodies in blocking solution were applied over night at 4 C. The following primary antibodies were used for western blot analysis: p53 (mouse, MA5-12571 Thermo Fisher Scientific, 1:1000), KAP1 (rabbit, A300-274A Bethyl, 1:1000). Secondary horseradish peroxidase-coupled antibodies (Thermo Fisher Scientific) were applied for 1 hour at room temperature in PBSTween20 (0.01%) containing 1% milk powder prior to detection by ECL-based chemiluminescence.
Quantitative real-time PCR
Quantitative real-time PCR (qRT-PCR) was performed essentially as described previously 3 on a RotorGene3000 machine (Corbett Life Science). Total RNA was isolated by phenol-chlorophorm extraction, reverse transcribed using the high-capacity cDNA reverse transcription kit (Applied Biosystems), and qRT-PCR was performed in triplicates using the SensiMix Plus SYBR kit (Quantace). The following primer pair sequences were used: p53 forward: (see below for specifications) and secondary antibodies (Alexa fluorophores, Life Technologies) were diluted in filtered DMEM containing 10% FBS and 0.02% Sodium Azide. Antibody incubations were performed for 1-2 hours at room temperature. Following antibody incubations, coverslips were washed once with PBS and incubated for 10 minutes with PBS containing 4 0 ,6-Diamidino-2-Phenylindole Dihydrochloride (DAPI, 0.5 mg/ml) at room temperature to stain DNA. After three washing steps in PBS, coverslips were briefly washed with distilled water and mounted on 5ml Mowiol-based mounting media (Mowiol 4.88 (Calbiochem)/Glycerol/TRIS). The following primary antibodies were used for immunostaining: 53BP1 (rabbit, Santa Cruz sc-22760, 1:500), 53BP1 (mouse, Upstate MAB3802, 1:1000), Cyclin A (mouse, Abcam ab 16726, 1:200), Cyclin A (rabbit, Santa Cruz sc-751, 1:100), BrdU (mouse, Abcam ab 6326, 1:100).
Quantitative image-based cytometry (QIBC)
Automated multichannel wide-field microscopy for quantitative image-based cytometry (QIBC) was performed as described previously 36 on an Olympus ScanR Screening System equipped with an inverted motorized Olympus IX83 microscope, a motorized stage, IR-laser hardware autofocus, a fast emission filter wheel with single band emission filters, and a 12bit digital monochrome Hamamatsu ORCA-FLASH 4.0 V2 sCMOS camera (dynamic range 4000:1, 2048 £ 2048 pixel of size 6.5 £ 6.5 mm, 12 bit dynamics). For each condition, image information of large cohorts of cells (typically at least 500 cells for the UPLSAPO 40x objective (NA 0.9), at least 2000 cells for the UPLSAPO 20x objective (NA 0.75), and at least 5000 cells for the UPLSAPO 10x (NA 0.4) and UPLSAPO 4x (NA 0.16) objectives) was acquired under nonsaturating conditions. Identical settings were applied to all samples within one experiment. Images were analyzed with the inbuilt Olympus ScanR Image Analysis Software Version 2.5.1, a dynamic background correction was applied, nuclei segmentation was performed using an integrated intensitybased object detection module using the DAPI signal, and foci segmentation was performed using an integrated spot-detection module. All downstream analyses were focused on properly detected interphase nuclei containing a 2C-4C DNA content as measured by total and mean DAPI intensities per nucleus. Fluorescence intensities were quantified and are depicted as arbitrary units. Color-coded scatter plots of asynchronous cell populations were generated with Spotfire data visualization software (TIBCO). Within one experiment, similar cell numbers were compared for the different conditions. For visualizing discrete data in scatter plots (e.g. foci numbers), mild jittering (random displacement of data points along the discrete data axes) was applied in order to demerge overlapping data points. Representative scatter plots and quantifications of independent experiments, typically containing several thousand cells each, are shown.
Time-lapse microscopy
Time-lapse microscopy was performed on the same Olympus ScanR Screening System under CO 2 (5%) and temperature (37 C) control and employing an inbuilt infrared-based hardware autofocus. For extended time-lapse imaging for up to 72 h exposure times were kept minimal to avoid phototoxicity. Cells were plated on multi-well plates (Greiner CELLSTAR 96-wellplates, Sigma Aldrich) at a density of 8,000 cells per well 24 h prior to imaging. Images were taken at 30 min intervals for up to 72 h using a UPLSAPO 20x objective (NA 0.75) in Dulbecco's DMEM medium containing 10% FCS (GIBCO) and penicillin-streptomycin. GFP-53BP1 cells were transduced 8 h prior to imaging with BacMam RFP-CDT1 Premo (FUCCI Cell Cycle Sensor BacMam 2.0, Life Technologies) using 0.1 ml of BacMam CDT1-RPF per 8,000 seeded cells in 200 ml of medium. Image processing and analysis was performed with the help of Fiji and Olympus ScanR Analysis software. For showing single cells at defined time-points, brightness and contrast were adjusted for individual frames to correct for background fluorescence. G1 duration was determined based on the CDT1 cell cycle marker.
